Strong enhancement in thermal conductivity of ethylene glycol-based nanofluids by amorphous and crystalline Al 2 
O 3 nanoparticles
To enhance the transport and thermal properties of conventional heat transfer fluids (e.g., water, ethylene glycol (EG), propylene glycol, and engine oil) through nanoparticles additives is an emerging research area in heat transfer science. [1] [2] [3] [4] [5] [6] [7] [8] [9] 19 Such increment in the heat transport characteristics of base fluids suggests the crucial benefits which give credence to liquid coolants for moving heat away from electronic, optical, machinery, or nuclear reactor systems. [5] [6] [7] 9 Various nanoparticles (NPs) of metals and metal oxides have been added to EG for enhancing the thermal conductivity (TC) of base fluid and are potentially used in heat transfer system. 2, [5] [6] [7] [8] [9] 19, 21, [23] [24] [25] The nanofluids based on EG reveal a higher TC having nonlinear relationship with temperature. 23, 29 A very recent report to examine the effects of nanoparticle size and temperature has been published focusing on the TC enhancement of water-based Al 2 O 3 nanfluids. 10 Owing to the general availability and unique characteristics, such as good structural, chemical and thermal stability at elevated temperatures, high electrical resistivity, low gate leakage, and excellent behavior in optics and electronics, Al 2 O 3 in both amorphous and polymorphs (material with similar composition but different crystal structure) forms are registered among the technologically most crucial ceramic materials. [11] [12] [13] [14] [15] [16] [17] 27, 28 In this Letter, we evaluated the effects of ordered/disordered structures of Al 2 O 3 NPs, volume fraction, and temperatures on the TC enhancement in EG nanofluid for different volume concentrations. As described in a previous work, three different structures of NPs, i.e., amorphous and crystalline c-, and a-Al 2 O 3 , were synthesized by sol-gel method. We performed here the Rietveld full-profile refinement of X-ray diffraction (XRD) pattern and detailed high-resolution transmission electron microscopy (HRTEM) study of the a-Al 2 O 3 NPs. All three kinds of amorphous and crystalline structures of Al 2 O 3 NPs were dispersed in EG-base fluid with different particle loadings to prepare Al 2 O 3 /EG nanofluids and determine the enhancement in TC experimentally in a temperature range from 0 to 100 C. Al 2 O 3 NPs were synthesized via sol-gel method with annealing at three different temperatures. First, a 4 ml saturated aqueous solution of aluminium nitrate nonahydrate (Al(NO 3 ) 3 Á9H 2 O) was prepared at room temperature. Then, the saturated solution was heated at 100 C for 30 min to form the gel and used as the precursor. Finally, the precursor was annealed to obtain Al 2 O 3 NPs at 400, 800, and 1000 C for 2 h inside the muffle furnace. As previously reported, the obtained Al 2 O 3 NPs exhibit amorphous (a-), c-, and a-crystalline structure of the material. For convenience, the three annealed samples were denoted as a-Al 2 O 3 , c-Al 2 O 3 , and a-Al 2 O 3 , respectively.
The crystal structure information of the synthesized a-Al 2 O 3 NPs was determined by XRD (Bruker AXS D8 Advance X-ray diffractometer) using the Cu-ka (k ¼ 1.54059 Å ) monochromatic radiation, in the 2h range between 20 and 79.8 . Structural refinement for refining the crystalline structure of the a-phase in the sample was carried out by the Rietveld method using the program FULLPROF. The morphological identification and size were examined using scanning electron microscope (SEM, Zeiss EVO MA-10) with an acceleration voltage of 10 kV. The high-resolution micrographs in real and reciprocal space were acquired with a HR-TEM (FEI Tecnai G2 F30 STWIN) operated at 300 kV accelerating voltage. Al 2 (model TPS-500) was employed in this study to measure the TC of the corresponding nanofluids within the temperature range of 0-100 C. We present the crystallographic structural characteristics and electron microscopy of the synthesized a-Al 2 O 3 NPs in Figures 1(a)-1(f). The XRD patterns and morphological details of all three phases (a-, c-, and a-Al 2 O 3 ) have been discussed in our earlier report. 11 However, the a-phase of Al 2 O 3 which is well crystalline has been dealt again in the present context in regard to its Rietveld refinement. The Rietveldrefined XRD pattern for the a-phase structure of Al 2 O 3 with the observed (red dots), calculated (black solid line), and difference (observed-calculated, blue solid line) spectra is shown in Figure 1 
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The lattice parameters and atomic positions generated by further refinement are listed in Table I . Moreover, all diffraction peaks observed in XRD pattern were sharp and intense suggesting good crystallinity and high purity of the synthesized a-Al 2 O 3 NPs. 
where K nf and K bf represents the thermal conductivity of nanofluid and base-fluid, respectively. Moreover, to predict and explain the TC enhancement in nanofluids, numerous theoretical studies have been focused and debated extensively over the past decade. 3, 10, [18] [19] [20] [21] [22] [23] Several participating factors include Brownian motion of NPs, internanoparticle potential, radiative heat transfer, particle aggregation, and dynamic interactions have been attempted to account the anomalous enhancement in TC of nanofluids combined with the effects of NPs size and shape, volume concentration of NPs, and temperature. In addition to describe the enhancement in TC of EG fluid with volume fraction/particle loadings of NPs, the model of Prasher et al. for the TC enhancement ratio of nanofluid is given as follows:
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where / is the particle volume fraction, a ¼ 2R b K bf =d NP , and R b is the interfacial resistance. P r is Prandtl number and d NP is diameter of nanoparticle. The Reynolds number R e can be written as
where is the kinematic viscosity, q N is density of the liquid, k B is Boltzmann constant, and T is temperature in Kelvin scale. Figure 2 (c) provides the order of magnitude calculations for %TC enhancement based on the above model in a-Al 2 O 3 /EG nanofluid at different particle loadings and temperatures along with the experimental observations. This model includes the effect of particle diameter on TC enhancement of nanofluid. Numerical values of all required parameters are obtained as suggested by the above mentioned model. Here, we have taken R b ¼ 9 Â 10 À8 K m 2 W À1 , average particle diameter d NP ¼ 70 nm, P r ¼ 10, and density of Al 2 O 3 ¼ 3.95 g/cm 3 . A ¼ 40 000 and m ¼ 2.9 are bets fit parameters. The calculated %TC values for vol. %-and temperature-dependent seemed to be in good agreement with our experimental investigations. We have measured the TC of pure a-, c-, and a-Al 2 O 3 powder at room temperature and it is 0.495, 0.459, and 0.377 W/mK, respectively. This difference in TC may be an important reason for difference in TC enhancement in different polymorphs of Al 2 O 3 .
As expected, the enhancement in TC of Al 2 O 3 /EG nanofluids is achieved with increasing volume concentrations of NPs and temperatures. We achieve the higher enhancement in TC of EG-based Al 2 O 3 nanofluids as displayed in Figure 2 Table II . The TC enhancement for similar NPs loadings with increasing temperature is more pronounced for a-Al 2 O 3 /EG nanofluids than for c-and a-Al 2 O 3 /EG nanofluids by more than a factor of 1.5 and 2, respectively, which is higher than any of the results reported previously for Al 2 O 3 /EG nanofluids (Figure 2(d) ). The different trends in TC enhancements are probably due to the differences in size of particles, as the particle size decreases, the surface-to-volume ratio of particles increases, can lead to enhance the TC of nanofluids. In our earlier study, the formation of bigger grain like particles is observed with increasing the annealing temperature.
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Although the reason for the observed monotonic trend in the enhancement of TC of nanofluid system can be accounted by the dependence of different crystal structure of NPs or the influence of interfacing between liquid-phase and solidmaterial, collisions between the base fluid molecule and interfacial thermal resistance may be considered. 2, 6, 26 Since nano-amorphous particle is more open structure than nanocrystalline material, in which individually atoms are randomly distributed may form long-range thermal transfer channels, it is clear that particles with different crystallinity influence heat transfer differently, as schematically depicted in Figure 3 . The long-range order in nano-crystalline may resist to the liquid-particle interface and resulted in the lower enhanced TC of the crystalline c-and a-Al 2 O 3 /EG nanofluids. Moreover, the amorphous structure of Al 2 O 3 has random distribution of Al 3þ and vacancies over tetrahedral (AlO 4 ), polyhedral (AlO 5 ), and octahedral (AlO 6 ) sites with the prominent tetrahedral and octahedral units; whereas the crystal structure of c-Al 2 O 3 is composed of a mixture of tetrahedral and 12, 15, 27, 28 We infer that the predominant fractions of a-Al 2 O 3 NPs may highly interact with the base-fluid and enhance the TC of nanofluids. The lower TC enhancement achieved by the crystalline c-and a-Al 2 O 3 /EG nanofluids can be ascribed due to the presence of short-range interfacing between solid-particle and liquidphase as compared to the a-Al 2 O 3 /EG nanofluids. 25, 30 Based on the results, we conclude that the NPs size, interfacing with liquid, volume fraction of NPs in nanofluids, and temperature affect the TC of Al 2 O 3 /EG nanofluids.
In conclusion, we performed the crystallinity determination and morphological identification using Reitveldrefinement XRD analysis and electron microscopy of a-Al 2 O 3 NPs. We evaluated the TC enhancement of ethylene glycol-based Al 2 O 3 nanofluids, the results corroborate that such nanofluids reveal higher TC than their base fluid and increases with NPs addition and temperatures. We observe, however, that the particle-liquid interfacing is the main reason for the obtained improvement in TC of nanofluids. Such enhancement reveals that Al 2 O 3 nanoparticles can be considered as ubiquitous in the advancement for the energyefficient heat transfer applications. 
